A cross-dehydrogenative-coupling of alkoxybenzenes and toluenes with concomitant halogenation is reported. Conditions employed were the use of stoichiometric copper halide salts and dialkylperoxides to afford a range of bromoalkoxydi-and triarylmethanes. Preliminary mechanistic studies suggest that the in situ production of haloarenes (or dihaloarenes) followed by a copper mediated coupling of a benzylic radical is operational.
Introduction
Diarylmethanes, also known as benzhydryls, are privileged structural motifs 1 found in pharmaceuticals, 2 supramolecular chemistry, 3 functional molecules, 4 polymers, 5 ligands, 6 catalysts 7 and dyestuffs. 8 A number of pharmacologically active natural products contain the diarylmethane subunit, 9 The synthesis of diarylmethanes is generally carried out using nucleophilic substitution or cross-coupling of α-(pseudo)halide bearing benzylic units. 11 Unfortunately, these methods sometimes require the use of forcing conditions (high temperatures) or the use of expensive transition metal catalyst and ligand systems. There has been growing interest in C-H functionalization approaches to directly functionalize benzylic C(sp 3 )-H bonds, cutting out pre-functionalization steps and improving overall atom economy. 12 Despite a number of recent reports disclosing the direct substitution of benzylic C(sp 3 )-H bonds for various functional groups, 13 reports of the analogous arylations are rare. Early work from Miura on this transformation demonstrated that para-nitrotoluenes could be effectively crosscoupled with arylhalides to generate diarylmethanes. 14 These findings have been extended to a number of Pd-catalyzed benzylic-C(sp
Results and Discussion
Reaction discovery: We began by studying the reaction of toluene derivatives with various arenes under oxidative conditions. We were surprised to find that treatment of 1,3,5-trimethoxybenzene (1a, as limiting reagent) with para-xylene (2a, as solvent and coupling partner), in the presence of stoichiometric copper(II) bromide and di-tert-butyl peroxide (DTBP), gave the brominated benzhydryl compound 4 (X = Br) as the major product along with small amounts of mono-and dibrominated 1,3,5-trimethoxybenzene (5 and 6) ( Table 1 , entry 4; see SI for full details). These reaction conditions have brought about the formation of the desired C(sp 2 )-C(sp 3 ) bond as well as concomitant formation of a C(sp 2 )-Br bond. The reaction also occurred, albeit in poorer yield, with copper(II) chloride (entry 5). Given the striking similarity of the benzhydryl products of this tandem reaction to a number of marine natural products and pharmaceuticals, we were interested in further investigating this process. Optimization of the reaction conditions (see SI for details) established the general method of para-xylene (25 equiv.), CuBr2 (2.0 equiv.) and either Luperox® 101 (2,5-Bis(tertbutylperoxy)-2,5-dimethylhexane, 2.25 equiv: Conditions A) or DTBP (4.5 equiv.: Conditions B) at 110 °C for 18 hours, providing 4a in serviceable yields of 52% and 48% respectively.
Substrate scope:
We began by varying the substitution pattern and functionality of the benzylic component (Scheme 2). All xylene substitution patterns were tolerated providing the respective bromodiarylmethanes 4a, 4b and 4c in moderate yields (Scheme 2). In general, Luperox 101® was found to give slightly higher yields in comparison to using di-tert-butylperoxide so this oxidant was used for the majority of the future experiments performed. Other polymethylbenzenes, including mesitylene, durene and prehenitine, were tolerated (4d, 4e and 4f) along with tert-butylmethyl benzenes (4g and 4h; Scheme 2).
Both para-bromotoluene and para-chlorotoluene were found to be poor coupling partners generating 4i and 4j in 28% and 25% yields respectively (Scheme 2) . Surprisingly, toluene itself could not be effectively used to generate the desired product 4k. The reason for this observed phenomenon is not yet understood. The use of saturated heterocycles and cycloalkanes as coupling partners was attempted, but to no avail (Scheme 2).
Scheme 2. Bromo-benzylation of 1,3,5-trimethoxybenzene.
Due to the high crystallinity of many of the bromodiarylmethanes produced it was possible to grow single crystals of 4a and 4f suitable for X-ray diffraction analysis ( Figure 2 ). It was possible to produce a tertiary benzylic carbon center from the respective secondary benzylic coupling partner: Using Conditions A with diphenylmethane the synthesis of triphenylmethane 4m was accomplished in 40% yield; 1,4-diethylbenzene and indane generated 4n and 4o in 41% and 20% yields respectively (Scheme 3). Interestingly, when using fluorene as the coupling partner with 1,3,5-trimethoxybenzene the des-halo product 4p was obtained which is in contrast to the halo-substituted product obtained with diphenylmethane. Using the general protocol with Luperox 101® as the oxidant, an assessment of the electron rich component was performed. A number of 1,3-di and tri-alkoxybenzenes were subjected to the tandem bromination-xylylation reaction conditions, all of which generated the desired product (Scheme 4). With an increase in steric congestion of the alkyl groups a decrease in chemical yield from 52% to 20% was observed (Me>Et> i Pr). Using 3,4,5-trimethoxytoluene as the substrate, it was possible to generate the respective highly functionalised hexa-substituted aromatic product 4s in a 12% yield. 1,3-Dimethoxybenzene was also reacted to yield compound 4t in a yield of 43%. We could also access chloride 4u in 38% yield from 1,3,5-trimethoxybenzene using CuCl2 in place of CuBr2, demonstrating that alternative copper-ions were viable in the transformation. 2,4,6-Trimethoxybenzoic acid was productive in the reaction, giving the bromide 4a in 44% yield via copper-mediated protodecarboxylation.
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Scheme 4. Scope of the aryl coupling partner for halobenzylation.
During our studies, we found that not all alkoxybenzenes will undergo the tandem functionalization process, in general these are substrates which already bear an electron withdrawing substituent at the 2-position (Scheme 5). To exemplify this single C-H functionalization process, 2-Nitro-1,3,5-trimethoxybenzene gave the product 4v in a good 76% yield. 2-Fluoro-and 2-Formyl-1,3,5-trimethoxybenzene were xylylated in 18% and 20% yields respectively although a number of minor by-products were observed in these reactions. Some alkoxybenzenes were also found to only produce the des-halo product, namely 1,2,3-trimethoxybenzene, 1,2,4,5-tetramethoxybenzene, and 1,4-dimethoxybenzene (4y -29%, 4z -22% and 4aa -21%). As a demonstration of the applicability of this methodology, we set out to synthesize penta-O-methyl vidalol A (8) , which has shown moderate carbonic anhydrase inhibitory activity, in a single step.
10i The poly-substituted toluene 7 was prepared and used as the benzylic component under our tandem reaction conditions with 1a. In order to render the reaction more economic with respect to the benzylic component, it was found possible to reduce the stoichiometry of 7 to 5.0 equivalents using benzene as a co-solvent. Pleasingly, the target compound 8 was produced under the reaction conditions, albeit in a low yield of 19% (Scheme 6). A number of attempts at demethylation to give the natural product were performed; but, due to the apparent instability of vidalol A, we were not able to isolate a sample of the natural product. Mechanistic probes: With a functioning protocol for this unusual reaction in hand, our attention was turned to experiments which would allow us to speculate on a plausible mechanism for the tandem process ( Figure 3 ). Firstly, a number of control experiments were performed: 1) it was found that the tandem process does not function if the peroxide is omitted; 2) stoichiometric copper(II) bromide is also necessary and cannot be substituted for copper(I) bromide; 3) adventitious oxygen is also detrimental to the efficacy of the reaction. We next examined the possibility of benzyl bromide being formed in situ from the respective toluene and copper(II) bromide in a similar process to the Wohl-Ziegler bromination. 22 Mixtures of paraxylene and copper(II) bromide (at the same concentration and stoichiometry as the tandem reaction protocol) gave only small amounts (14%) of the benzyl bromide in the presence of excess peroxide (Scheme 4a). On treatment of 1,3,5-trimethoxybenzene with an equivalent of -bromo-para-xylene in benzene at 110 C for 18 hours, little to none of the desired product was formed (Scheme 4b), suggesting that this reaction does not proceed via a benzyl halide intermediate. Second, we studied the bromination of 1,3,5-trimethoxybenzene as it is well known that copper(II) bromide can be used as an effective electrophilic brominating agent. 23 Treatment of 1a with 2.0 equivalents of copper(II) bromide, with and without the peroxide oxidant, afforded the mono-(5) and di-brominated (6) products, in approximately 1:2 ratio respectively ( Figure 3c ). The assertion of electrophilic bromination is also supported by the observation that a flocculent white precipitate, attributed to copper(I) salts, is formed relatively rapidly during the initial stages of the reaction. Thirdly we subjected the pre-brominated compounds, 5 and 6, individually to the reaction conditions and successfully demonstrated that they are competent substrates for the synthesis of the benzhydyl product 4a in the presence of either copper(II) bromide and copper(I) bromide, albeit in decreased yield (Figure 3d and 3e). In the absence of any copper salts no reaction product was observed, and upon using substoichiometric quantities of both copper(II) bromide and copper(I) bromide a significantly decreased yield was observed (<10%). Interestingly, it was possible to further promote C-C bond formation (Figure 3f ). If the reaction was run under the standard conditions for twenty hours, then an additional one equivalent of copper(I) bromide added to the reaction vessel, followed by further heating for 24 further hours, then 43% of the expected product 4a was isolated along with a considerable quantity of di-xylylated product 10 (25%). Fourth, it is well known that the generation of radicals is possible from DTBH and benzylic C-H groups and heating; 24 with this in mind, the role of these radicals was assessed. When carrying out the benchmark reaction in the presence of 2.0 equivalents of radical trapping agents TEMPO and galvinoxyl radical, no diphenylmethane product 4a was observed ( Figure 3g ; only halogenated starting materials were detected). These results support the hypothesis that a benzylic radical is generated as a key intermediate during the course of the reaction.
It is important to note that there is a significant dependence upon the electronics of the substrate; an electron withdrawing group on the alkoxybenzene substrate (at the meta-position with respect to the reactive position) is almost always necessary for the benzylation reaction to proceed hence why no deshalogenated products such as 3 are observed in most cases.
Scheme 7.
A plausible reaction mechanism.
With the information gained from the control reactions and mechanistic probes, a plausible mechanism for the formation of 4a in this tandem process can be proposed (Scheme 7). The primary step involves the bromination of 1a with copper(II) bromide to generate 5, and the presence of the peroxide oxidant is able to accomplish a second bromination generating 6. Di-tertbutylperoxide undergoes a thermal homolysis of the O-O bond to generate reactive radicals, which abstract a hydrogen atom from the benzylic position of para-xylene. The benzylic radical produced is then reacted with 6 under the action of copper to generate the new C(sp 2 )-C(sp 3 ) bond and the product. The exact role and intermediacy of the organocopper intermediates in this final step still remains to be established, but a benzylic radical could possibly react with a copper(II) salt generating a highly reactive alkyl copper(III) species. Studies to elucidate the mechanism of this interesting tandem reaction are on-going.
Conclusions
In summary, a new approach to the synthesis of highly substituted halodiarylmethanes has been demonstrated. The protocol employs stoichiometric copper(II) halides and dialkyl peroxides to promote the tandem halogenation/crossdehydrogenative benzylation of electron rich alkoxyarenes. Despite moderate yields being observed in many cases, the protocol is operationally simple and enables the one-step production of poly-substituted diarylmethanes from bulk commodity chemicals. The facility for rapidly generating high value functionalised arenes of biological interest was demonstrated in the one-step preparation of penta-O-methoxy vidalol A (8) . Initial studies have revealed that this reaction likely proceeds via primary di-halogenation followed by a copper mediated coupling of a benzylic radical. Studies to further the understanding of this tandem reaction are on-going, with the aim of further developing and exploiting this novel cascade process in synthesis.
Experimental Section
General considerations: Nuclear Magnetic Resonance (NMR) spectra were recorded on 500, 400 or 300 MHz Bruker NMR spectrometers in 
2-Bromo-1,3,5-trimethoxy-4-(2,4,5-trimethylbenzyl)benzene (4f):
Using the general procedure using Luperox101® (186 L), copper(II) 
2-Bromo-4-(3-tert-butyl-5-methylbenzyl)-1,3,5-trimethoxy-benzene (4g):
Using the general procedure using Luperox101® (186 L), 
2-Bromo-4-[1-(4-ethylphenyl)ethyl]-1,3,5-trimethoxybenzene (4n):
Using the general procedure using Luperox101® The reaction was heated for 18 hours, after which time the reaction was allowed to cool, diluted with dichloromethane (ca. 10 mL), analyzed by thin layer chromatography and filtered through a cotton wool plug. The reaction mixture was then purified by automated column chromatography to give the product as a yellow oil 38. 
Penta-O-methyl vidalol

